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Dielectron production in pion-nucleon reactions at intermediate energies
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JINR, Dubna, Moscow region, 141980, Russia
Abstract
Dielectron production in the piN interaction at not large energies is stud-
ied. The dominant contribution of the ∆-isobar creation in the intermediate
state at incident pion momenta of about 0.3-0.4 GeV/c is shown. The ex-
perimental distributions over the angle and effective mass Me+e− of the e
+e−
pair are described satisfactorily. This stimulated us to present theoretical
predictions for the Me+e− distribution in the process pi
−p→ ne+e− at differ-
ent incident momenta, which could be verified, for example, by the HADES
experiments.
1. Introduction
Processes of meson electroproduction play an important role in the study of the
structure and properties of matter, see, for example, the review in ref. [1] and
references therein. The production of dileptons in hadron-hadron, hadron-nucleus
and nucleus-nucleus reactions has been analyzed very intensively [2]-[8]. In these
reactions, virtual photons, which materialize as e+e− pairs, carry unique information
on the properties of matter and the reaction mechanism.
Inverse pion electroproduction (IPE), πN → e+e−N , can provide information
on the nucleon electromagnetic structure in the time-like region. An intense pion
beam could allow to perform more detailed experiments on the IPE aimed at both
extracting the hadron structure and carrying out a multipole analysis like in the case
of photoproduction and electrproduction, see for example [9] and references therein.
2. General formalism
We analyze the reaction πN → γ∗N → e+e−N within the unified model. This
means that in the one-photon approximation, owing to T -invariance, three reactions
γN → πN, eN → eπN and πN → e+e−N are related to the process γ∗N ↔ πN
by the hadron current Jµ(s, t,m
2
γ), where m
2
γ = 0, > 0 and m
2
γ < 0 correspond to
pion photoproduction, electroproduction and inverse pion electroproduction (IPE),
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respectively [10, 4]. For the IPE the S-matrix in the one-photon approximation
reads as
Sfi = δfi + (2π)
4iδ(4)(p+ qπ − q − p′) m√
2qpi0p0q0p′0
ǫµJµ(s, t,m
2
γ∗) , (1)
where ǫµ is the electromagnetic current and photon propagator
ǫµ = u¯(k2)γ
µu(k1)e/q
2 (2)
According to [10], the current Jµ can also be presented in the following form:
Jµ =
8∑
i=1
Bi(s, t, u, q
2)N iµ , (3)
where the functions N iµ related to the Dirac γµ matrices are presented in the Ap-
pendix, see also [10]. Inserting functions N iµ into Eq. 3 one can obtain the following
form for the current Jµ:
Jµ = γ5[G1Pµ +G2qpiµ +G3qµ +G4γµ +G5qˆPµ +G6qˆqpiµ +G7qˆqµ +G8qˆγµ] , (4)
where qˆ = q˜νγν , q˜ = q/|q| is the unit photon four-momentum ;
B1 = −iG8 , B2 = 2iG1 , B3 = 2iG2 , B4 = 2i(G3 + 2G8) , (5)
B5 = G4 , B6 = G5 , B7 = G7 , B8 = G6 .
Using the current conservation law
qµJµ = 0 , (6)
we actually obtain 6 independent functions instead of 8, see [10]. The forms for
functions Gi depending on the Mandelstam relativistic invariants s, t and u are
obtained calculating the Feynman graphs presented in Figs. (1,2).
On the other hand, applying the current conservation law given by Eq.(6) one
can obtain the following form for ǫµJµ, as a sum of six independent functions
Ai(s, t, u, q
2):
ǫµJµ =
6∑
i=1
Ai(s, t, u, q
2)M iµ (7)
where the functions M iµ are presented in [10] and Ai(s, t, u, q
2) are related to the
functions Bi(s, t, u, q
2) entering into Eq.(7),
A1 = B1 −mB6 , A2 = 2B2
t− µ2 , A3 = −B8 , A4 = −
1
2
B6 , (8)
A5 =
1
q · qpi (B1 + 2B4 −
2P · q
t− µ2 ) , A6 = B7 ,
The current Jµ can also be presented in terms of Pauli matrices [2, 10, 11], see
Appendix.
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Figure 1: The one-nucleon or one-nucleon resonance exchange graph in the s-channel
of the IPE πN → γN → e+e−N process.
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Figure 2: The one-meson exchange graph in the t-channel (a) and the electromag-
netic contact term (b) for the IPE.
3. One-nucleon exchange graph
• s-channel one-nucleon exchange graph
Calculating the one-nucleon exchange Feynman graph in the s-channel (Fig.1a), the
so-called Born-term, we use the effective meson-NN Lagrangian in the form (see
[12, 7])
LNNpi = − gNNpi
2mN
Ψ¯Nγ5γµτ · (∂µΦpi)ΨN , (9)
where ΨN is the spinor for a nucleon and Φpi is the pion field. We use the monopole
form factor in this interaction vertex
FNNpi =
Λ2pi
Λ2pi + q
2
, (10)
where Λ is the cut-off parameter. The usual nucleon propagator is used
S
(s)
N (pN) =
6 pN +mN
p2N −m2N
=
6 p′+ 6 q +mN
s−m2N
≡ 6 p+ 6 qpi +mN
s−m2N
, (11)
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where 6 pN = pµN · γµ, pN = p′ + q = qpi + p is the four-momentum of the exchanged
nucleon, p2N = s = (p + ppi)
2 = (p′ + q)2 mN is the nucleon mass, γµ is the Dirac
matrix.
The general form for the effective Lagrangian for the nucleonic bremsstrahlung pro-
cess NNγ reads as
LNNγ = − eΨ¯NΓNNγµ AµΨN , (12)
where Aµ is the electromagnetic field, the half-off-shell nucleon-photon vertex ΓNNγµ
is [7]
ΓNNγµ = − ie
∑
s=±
(F1γµ + F2Σµ + F3qµ)Λs , (13)
where Λ± = (±6 p +W )/W are the projection operators for the off-shell nucleon of
massW =
√
p2 and Σµ = iσµνq
ν/(2m). Here we use the on-shell form factors for the
NNγ vertex and assume that F+1 = F
−
1 = F1, F
+
2 = F
−
2 = F2 and F
+
3 = F
−
3 = 0,
as it was suggested in [7, 13, 14]. This assumption can be rather applicable at not
large values of the initial pion. We will demonstrate this for a pion momentum of
about 0.3 GeV/c
• u-channel one-nucleon exchange graph
For the one nucleon-exchange graph in the u-channel (Fig.1b) the propagator reads
S
(u)
N (pN) =
6 p′− 6 q +mN
u−m2N
≡ 6 p− 6 qpi +mN
u−m2N
, (14)
where u = (qpi − p′)2 = (p− q)2. We should also substitute the four-momenta q and
qpi by −q and −qpi in all the vertices of this graph.
4. ∆-isobar exchange graph
In calculating the ∆-isobar exchange graphs in the s- and u-channels we use the
same procedure as in [3, 7, 8]. In particular, the ∆-nucleon-photon vertex is
Γµν∆Nγ = −i
e
2m
{
g1(q
2)γλ +
g2(q
2)
2m
p∆λ +
g3(q
2)
2m
qλ
}
(−qνgµλ + qµgνλ) , (15)
where g1, g2, g3 are the form factors used in the same monopole form and the cou-
pling constants are like in [7]. We use the following effective ∆− nucleon−meson
Lagrangian [7, 15]:
L∆Npi = g∆Npi
mupi
Ψ∆µ γ5∂
µΦpiΨN +H.c. , (16)
where Ψ∆µ is the vector spinor for the ∆-isobar. The propagator for the ∆-isobar
reads
Sµν∆ (p∆) = −
i( 6 p∆ +m∆)
p2∆ − (m∆ − i(Γ∆)/2)2
(gµν − 1
3
γµγν − 2
3m2∆
pµ∆p
ν
∆ + (17)
1
3m∆
(pµ∆γ
ν − pν∆γµ))
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where p∆ and M∆ are the four-momentum and the mass of the ∆ isobar created in
the intermediate state (Figs.1(a,b)) and the partial width of the off-shell ∆-isobar
Γ∆ ≡ Γ∆→piN is [7, 16, 17, 18]
Γ∆(M) = Γ0
(
k∗(M)
k∗(M∆)
)3
M∆
M
(
β2 + (k∗(M∆))
2
β2 + (k∗(M))2
)2
. (18)
Here Γ0 = 0.12GeV is the bar width of ∆, β is the parameter, we assumed β
2 =
0.25(GeV/c)2 as in [7], k∗ is the pion momentum in the π −N c.m.s. and k∗(M) =
λ1/2(M2, µ2pi, m
2)/2M
5. One-meson exchange in t-channel
Calculating the Feynman graphs corresponding to the one-meson exchange in the
t-channel, Fig.2a, we only included the one-pion exchange so as to analyze the IPE
processes at intermediate energies less than 0.5-0.6 GeV when the vector meson ex-
change graphs contribute insignificantly and can be neglected. Moreover, note that
the G-parity arguments forbid ωππ and A1ππ vertices, so the pion current diagram
(Fig.2a) only contributes in the case of isovector currents. The NNπ Lagrangian was
taken in the form given by eq.((9)), whereas the Lagrangian of the ρππ interaction
was taken in the following form [20]:
Lρpipi = gρǫjlmΦjρ,µΦlpi∂µΦmpi , (19)
where Φρ and Φpi are the ρ-meson and pion fields respectively, ǫjlm is the fully
antisymmetric unit tensor. The coupling constant gρ ≡ gρpipi was found from the
SU(3) relation [20] 2gρNN = gρ, whereas the coupling constant gρNN was taken
from [21]. The Lagrangian corresponding to the ργ vertex (Fig.2a) was taken in the
following form [8]:
Lemργ = −
e
2fργ
FµνGρνµ , (20)
where Fµν and Gνµ are the strength tensors for the photon and ρ-meson fields. For
the ρ-meson propagator Sµνρ of Fig.2a we obtained the same form as in [7],
Sµνρ (q
2) = −i
(
gµν − qµqν/q2
q2 −m2ρ
)
, (21)
where mρ is the ρ-meson mass. The pion propagator (Fig.2a) reads
Spi(t) =
i
t− µ2pi
, (22)
where t = (qpi − q)2.
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6. Electromagnetic contact term
When the pseudevector πNN interaction given by Eq.(9) is used then the contact
electromagnetic diagram (Fig.2b) should be included. The electromagnetic contact
terms, e.g., the vertices with four lines as in Fig.2b, [22, 8, 23] correspond to the
following interaction Lagrangian:
LNNpiγ = − eˆfNNpi
µpi
Ψ¯Nγ5γµAµ(τ · Φpi)ΨN , (23)
where eˆ is the charge operator of the pion.
7. Amplitude and cross section
In the one-photon approximation the dielactron production in the IPE process is
considered as a decay of the virtual photon produced in strong and electromagnetic
π −N interactions. These processes and the similar NN → γ∗NN → e+e−NN re-
actions have already been investigated, see for example [10]-[8], where all the details
to obtain the forms for the amplitude and differential cross sections are presented.
The general expression for the IPE relativistic invariant amplitude squared reads
| T |2 = Wµν e
2
q2
lνµ , (24)
where e is the electron charge, q2 = m2γ∗ = (k1+k2)
2, q is the four-Momentum of the
virtual time-like photon decaying into e+ and e− with the four-Momenta K1 and k2
respectively; Wµν =
∑
spins JµJ
+
ν is the hadronic tensor, whereas l
νµ is the leptonic
tensor.
lνµ = 4(k1νk2µ + k1µk2ν − gνµ(k1 · k2)) (25)
where k1 and k2 are the four-momenta of the outgoing electron and positron, re-
spectively. Following the procedure to get the differential cross section presented in
[8] one can obtain the following forms for the effective mass distribution dσ/dMe+e−
of the e+e− pair and the angular distribution dσ/d cos θ∗γ∗ of the virtual γ
∗ in the
π −N c.m.s.:
dσ
dMe+e−
=
α2em
12πMe+e−sλ1/2(s, µ
,
pim2)
∫ t+
t−
λ1/2(s, q2, m2)
s
∑
spins
JµJ
+
ν dt ; (26)
dσ
d cos θ∗γ∗
=
α2em
48πsλ1/2(s, µ,pim2)
∫
λ1/2(s, q2, m2)
q2
∑
spins
JµJ
+
ν dq
2 , (27)
where αem = e
2/4π = 1/137; λ(x2, y2, z2) = (x2 − (y + z)2) = (x2 − (y − z)2).
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8. Dalitz decay of ∆ resonance
The effective mass distribution of the e+e− pair produced in the π −N reaction at
an energy corresponding to the ∆ isobar creation in the intermediate state can be
estimated applying the simple Breit-Wigner approximation and the Dalitz decay of
the ∆ isobar, [18]
dσBr.W.piN
dMe+e−
=
1
3
4π
(k∗)2
M2∆Γ∆
(M2∆ − s− iM∆Γtot)2
dΓ∆→γ∗N→e+e−N
dMe+e−
, (28)
where Γ∆ is given by Eq.(18) and
dΓ∆→γ∗N→e+e−N
dMe+e−
=
2αem
3πMe+e−
√√√√1− 4µ2e
M2e+e−
(
1 +
2µ2e
M2e+e−
)
Γ∆→γ∗N ; (29)
Γ∆→γ∗N =
p∗∆
8πm2∆
| M∆→γ∗N |2 . (30)
Here p∗∆ is the momentum in the γ
∗N c.m.s. and the matrix element squared reads
| M∆→γ∗N |2= e2G2M
(m∆ +m)
2((m∆ −m)2 −M2e+e−)
4m2((m∆ +m)2 −M2e+e−)
(7m4∆ + 14m
2
∆M
2
e+e− + (31)
3M4e+e− + 8m
3
∆m+ 2m
2
∆m
2 + 6M2e+e−m
2 + 3m4) .
The angular distribution of γ∗ is presented in [18].
9. Results and discussion
We have calculated the distributions of e+e− pairs as functions of the dielectron ef-
fective mass Me+e− and of cosθγ∗ , respectively, see Eqs. (26,27), adding incoherently
the Dalitz decay of the ∆ resonance. In Fig. 3 the angular distribution dσ/d cos θγ∗ ,
where θγ∗ is the angle of the virtual photon γ
∗, is presented. This distribution was
summed over q2 in the interval 0.046(GeV/c)2 ≥ q2 ≤ 0.065(GeV/c)2, according to
the experimental data [24]. The solid curve corresponds to our calculations, e.g.,
the coherent sum of the one-nucleon and ∆-exchange graphs with the positive phase
sign of the second graph. The experimental data are taken from [24]. It is seen from
this figure that our total calculation results in a more or less isotropic distribution
and provides the qualitative description of the data, which have big error bars.
In Fig. 4 the invariant mass distribution for dielectrons dσ/dM2e+e− produced in
the reaction π−p→ e+e−n is presented. The histogram is the experimental data in
arbitrary units [25]. The solid curve is our total calculation , e.g. the coherent sum of
all the graphs of Figs.(1,2). The dash-dotted curve is the contribution of ∆-exchange
diagrams of Fig.1, while the dotted curve corresponds to the calculation using the
Breit-Wigner form for the spectrum given by Eq.(28) including the Dalitz decay
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of ∆. The long dashed line corresponds to the incoherent sum of the one-nucleon
and ∆ isobar exchange diagrams. The Dalitz decay of resonances was calculated,
according to [18], see also [26].
In Fig. 5 the invariant mass distribution for dielectrons, dσ/dMe+e−, produced in
reaction π−p → e+e−n at different pion momenta. The solid, dashed, dash-dotted
and dotted curves correspond to calculations at the initial pion momentum about
100 MeV/c, 300 MeV/c, 400 MeV/c and 700 MeV/c respectively. The thick lines
correspond to our calculations without any form factors F (q2) (or F (t)), while the
thin curves correspond to inclusion of the form factors in the vertices of diagrams
in Figs. (1,2).
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Figure 3: Angular distribution dσ/d cos θγ∗ , where θγ∗ is the angle of the virtual
photon γ∗. The solid curve corresponds to our calculations. The experimental data
are taken from [24].
Let us note that our calculations were performed using the Feynmann diagrams
of Figs. (1,2), which result in the main contribution to the observables presented in
Figs. (4,5), see for example, [19]. In our calculations we neglected the contributions
of processes π−p → π0p → e+e−γp, π−p → η0p and π−p → ρ0p with subsequent
decays (η0 → e+e−γ and ρ0 → e+e− respectively) because they can be significant at
initial momenta above 600-700 MeV/c and high dielectron effective masses Me+e− ≥
0.5 GeV/c2, as it has been shown in [27, 28].
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units [25]. Contributions of the Dalitz decay, the one-nucleon exchange and the
∆-isobar exchange correspond to the dotted, short dashed and dash-dotted curves
respectively. The solid curve is our calculation of the coherent sum of all diagrams
of Figs. (1,2), the dashed line corresponds to the incoherent sum of the one-nucleon
and ∆-exchange contributions.
10. Conclusion
In this paper we have analyzed inverse pion electroproduction (IPE) processes
πN → e+e−N at intermediate energies within the Feynman graph formalism. The
dominant contribution of the ∆-isobar exchange graph in the s-channel to the ef-
fective mass spectrum of e+e− pairs produced at incident pion momenta of about
0.3-0.4 GeV/c is shown, while at higher momenta it decreases. At higher momenta
the contributions of diagrams with another baryon-exchange in the s-channel and
with a vector meson-exchange in the t-channel are considerable. We show that care-
ful calculations of the Feynman graphs with account of their interference provides
correct results for the observables which may differ from the results of approximate
calculations involving only bremsstrahlung of the nucleon and the Dalitz decay of
baryon resonances in the intermediate state. The existing experimental information
on these processes is very poor. Therefore we present predictions for the Me+e−-
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Figure 5: Invariant mass distribution for dielectrons, dσ/dMe+e−, produced in re-
action π−p → e+e−n at different pion momenta. The thick curves correspond to
calculations without any form factors F (q2) or F (t), while the thin lines correspond
to inclusion of the form factors in the vertices of diagrams in Figs. (1,2).
spectrum and the angular distribution of the virtual photon decaying into e+e− in
the IPE reactions at incident momenta less than 1.GeV/c. This can be verified
by future HADES experiments with pion beams. We will extend this approach to
analyze inelastic πp→ e+e−X reactions at HADES energies.
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11. Appendix
Nµ1 = iγ5γ
µqˆ ; Nµ2 = 2iγ5P
µ ; Nµ3 = 2iγ5q
µ
pi ; N
µ
4 = 2iγ5q
µ ; (32)
Nµ5 = γ5γ
µ ; Nµ6 = γ5qˆP
µ ; Nµ7 = γ5qˆq
µ ;Nµ7 = γ5qˆq
µ
pi
J =
4π
√
s
m
[iσ˜F1 + σ · qˆpi(σ × qˆ)F2 + iq˜pi(σ · qˆ)F3 + iqˆpi(σ · qˆpi)F4 + iqˆ(σ · qˆ)F6] ,(33)
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where σ˜ = σ− qˆ(σ · qˆpi) and q˜pi = qˆpi − qˆ(qˆpi · qˆ). The J0 component of the current
Jµ can be obtained from the current conservation law given by Eq.(6)
J0 =
4π
√
s
m
i[(σ · qˆpi)F7 + (σ · qˆ)F8] = q · J
q0
. (34)
Functions F7, F8 are related to F5, F6 [10, 11].
| q | F5 = q0F8 ; | q | F6 = q0F7 (35)
and functions Fi, i = 1 − 6 can be obtained calculating the Feynmann graphs of
Figs. (1,2).
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